Cytochrophin-4 (cyt-4), a tetrapeptide with opioid-like activity, caused amnesia when injected into chick forebrain 5 hr after passive-avoidance training. Bilateral injections of cyt-4 directly into the lobus parolfactorius (LPO) resulted in the chicks being amnesic for the training task 24 hr later, whereas unilateral injections of cyt-4 were effective only when injected into the right LPO. Cyt-4-induced amnesia was reversed by the general opioid antagonist, naloxone, indicating that cyt-4 was acting via an opioid receptor. The µ-and ␦-opioid receptors (but not -opioid or ORL 1 -receptors) have been shown to be involved in memory formation 5 hr after training (Freeman and Young 2000) . Because an antagonist of the µ-opioid receptor inhibited memory, we attempted to reverse the effect of cyt-4 using µ-opioid receptor agonists. Met[enk] was unable to reverse the inhibition of memory formation by cyt-4 suggesting that the µ-opioid receptor is not involved in this effect. However endomorphin-2 (endo-2) reversed the effect of cyt-4. We further investigated the action of endo-2 using an irreversible antagonist of the µ-receptor, ␤-funaltrexamine (␤-FAN), and found that endo-2 reversed ␤-FAN-induced amnesia indicating that endo-2 was not acting on the µ-opioid receptor in the chick. Because unilateral injections of ␤-FAN were not amnesic (bilateral injections were amnesic) this provided further evidence that the effect of cyt-4 was not mediated via the µ-opioid receptor. Coinjection of the ␦-receptor agonist, (D-Pen 2 , L-Pen 5 )enkephalin (DPLPE), reversed the disruptive effect of cyt-4 on memory. However, memory modulation via the ␦-opioid receptor was not lateralized to the right hemisphere suggesting that cyt-4 does not act via this receptor either. It was shown that an antagonist of the ⑀-opioid receptor inhibited memory at the 5 hr time point. We conclude that the ⑀-opioid receptor or an unidentified opioid receptor subtype could be involved in the action of cyt-4.
One-trial passive-avoidance training in the day-old chick is an attractive model to study long-term memory formation. This paradigm exploits the precocity of newly hatched chicks who explore their environment by pecking and rapidly learn to distinguish between edible and distasteful objects. If a chick is presented with a bead coated with a bitter-tasting substance such as methylanthranilate (MeA), it will peck once, show a characteristic disgust response, and subsequently avoid a similar but dry bead presented later (Cherkin 1969; Gibbs and Ng 1977) . This paradigm has the advantage of requiring only a single, brief training trial, hence one can determine the time of memory induction thus allowing the sequence of events that occur during memory consolidation to be studied more easily. Using this paradigm, have shown the existence of two distinct waves of protein synthesis which are involved in the laying down of long-term memory. The first occurs ഛ90 min posttraining and the other between 4 and 5 hr after training. Two phases of neuronal activity following training have also been demonstrated in the chick. Electrophysiological studies have shown a dramatic increase in spontaneous high frequency neuronal bursting in certain regions of the chick forebrain (Mason and Rose 1987) . Initially, this bursting activity is distributed between left and right intermediate medial hyperstriatum ventrale (IMHV), but within 4 to 7 hr shifts to the right IMHV and to the lobus parolfactorius (LPO) (Gigg et al. 1993 (Gigg et al. ,1994 . A series of lesion studies (Patterson et al. 1990; Gilbert et al. 1991; Patterson and Rose 1992) has shown that the IMHVs are involved in the acquisition of memory but not its retention, whereas the LPOs are involved in retention and recall but not the acquisition of memory for the passive-avoidance training. Studies using c-Fos and c-Jun as markers of neuronal activity have also demonstrated a biphasic pattern of activity, where first the IMHV is activated followed by the LPO (Freeman 1994; . These findings fit in with the concept of two phases of neuronal activity with information being processed in one area of the brain (e.g., IMHV) before being redistributed to other brain regions (e.g., LPO).
Opioid peptides modulate neurotransmission by inter-acting with their cognate membrane receptors. There are three groups of well studied opioid receptors designated µ, ␦, and (Kieffer 1995) . In addition to the endogenous opioid peptides, a number of exogenous nonpeptide molecules known as alkaloids (or opiates) also interact with the opioid receptors and can modulate a number of biological responses. Opiates can modulate pain, analgesia, behavior and locomotor activity and affect the neuroendocrine system (Mansour et al. 1995) . All three receptor classes are G protein-coupled receptors that have been shown to inhibit adenyl cyclase, decrease the conductance of voltage gated Ca 2+ channels or activate K + channel current (Childers 1991) thereby reducing membrane excitability and hence transmitter release. A number of studies suggest that there are also other classes of opioid receptors, such as the opioid-receptor-like-(ORL 1 ), ⑀-and -opioid receptors (Nock et al. 1990; Zagon et al. 1993) . The ⑀-opioid receptor is a G protein-coupled receptor that acts as a neuromodulator, whereas the -opioid receptor appears to affect growth but has yet to be identified in an adult brain of any species (Nock et al. 1993; Zagon et al. 1993) .
Cytochrophin-4 (cyt-4) is a breakdown product of human mitochondrial cytochrome-b which has opioid-like activity (Brantl et al. 1985) . As we have demonstrated previously that memory formation at 5 hr posttraining is blocked by chloramphenicol, an inhibitor of mitochondrial protein synthesis (Freeman and Young 1999) , we were interested to determine whether this peptide could affect memory for passive-avoidance training at this 5 hr time point. Cyt-4 was found to inhibit passive-avoidance learning 5 hr posttraining and coinjection of naloxone, a general opioid receptor antagonist (Ward et al. 1982) , showed that the effect of cyt-4 was probably opioid in character. Opioids have been shown to affect memory processing in the chick after passiveavoidance learning during both the first and second wave of neuronal activity (Patterson et al. 1989; Colombo et al. 1992 Colombo et al. ,1993 Colombo et al. ,1997 Freeman and Young 2000) . We have attempted to identify the class of opioid receptor being targeted by cyt-4 using specific opioid receptor agonists and antagonists. As we had already shown that neither -nor ORL 1 -opioid receptors are involved in passive-avoidance learning at the 5 hr time point (Freeman and Young 2000) , we have excluded these receptors as possible targets of cyt-4 and hence our investigations.
RESULTS
None of the drugs tested produced any effect on the ability of the chicks to discriminate between an aversive (chrome bead) and a nonaversive (white bead) stimulus, indicating a lack of effect on normal neuronal functioning (data not shown).
Effect of cyt-4 on Memory
Bilateral injections of 100 µM cyt-4 directly into the LPO 5 hr after training blocked long-term memory formation (Fig.  1A ) (P<0.01), but when 100 µM or 300 µM cyt-4 was injected at 5 min posttraining there was no effect (Fig. 1A) . The action of cyt-4 at 5 hr was shown to be lateralized to the right hemisphere, because injection of 100 µM cyt-4 only caused amnesia when injected into the right hemisphere (P<0.05) (Fig. 1B) . 
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Effect of Naloxone on cyt-4 Induced Amnesia
Amnesia due to cyt-4 (P<0.01) was reversed by the general opioid receptor antagonist naloxone ( Fig. 2) , indicating that the effect of cyt-4 is mediated via an opioid receptor.
Effect of -Opioid Receptor Ligands on cyt-4-Induced Amnesia
We have shown previously that inhibition of the µ-opioid receptor by ␤-FAN disrupted passive-avoidance learning when injected at 5 hr posttraining (Freeman and Young 2000) . We therefore tested agonists of the µ-opioid receptor to see if they could reverse the effect of cyt-4. The µ-opioid receptor agonist Met[enk] did not reverse cyt-4 mediated amnesia (P<0.01) (Fig. 3A ) when used at concentrations which have been shown to be effective in the chick (Columbo et al. 1997 ). This suggests that cyt-4 is not acting via the µ-opioid receptor. However, another putative µ-opioid receptor antagonist, endo-2, was shown to reverse the effect of cyt-4 ( Fig. 3B ). We were suspicious from these results that endo-2 may not be acting at the µ-opioid receptor. ␤-FAN is an irreversible µ-opioid receptor antagonist (Takemori et al. 1981; Ward et al. 1982 ) that we have shown previously to inhibit memory formation when injected at this 5 hr time point (Freeman and Young 2000) . If endo-2 were acting at the µ-opioid receptor then it would be unable to reverse the memory loss due to ␤-FAN (or cyt-4). As Figure 3C shows, the inhibition of memory due to ␤-FAN was reversed by endo-2 (P<0.01), confirming our suspicions that endo-2 was not acting via the µ-opioid receptor.
Further evidence suggesting that cyt-4 is not acting via the µ-opioid receptor was obtained when unilateral injections of ␤-FAN are made. Unilateral injections of ␤-FAN did not disrupt memory formation whereas bilateral injections of ␤-FAN were effective in disrupting memory (P<0.01) (Fig. 3D ). This is in contrast to the action of cyt-4, which was localized to the right hemisphere (Fig. 1B) .
Effect of ␦-Opioid Ligands on cyt-4-Induced Amnesia
There was a possible connection between cyt-4 action and the ␦-opioid receptor. The ␦-receptor agonist, DPLPE, was found to reverse amnesia caused by cyt-4 (P<0.01) (Fig. 4) . We have shown previously (Freeman and Young 2000) that inhibition of the ␦-opioid receptor by ICI-174,864 disrupted memory formation at the 5 hr time point and that this effect was reversed by DPLPE. To determine whether cyt-4 was in fact acting on the ␦-opioid receptor, we unilaterally injected ICI-174,864 and found that only bilateral injections were capable of causing amnesia (P<0.01) (data not shown). Because the cyt-4 effect was localized to the right hemisphere (Fig. 1B) , we believe it is unlikely that cyt-4 is acting via the ␦-opioid receptor.
Effect of ⑀-Opioid Receptor Ligands on Memory
As an extension of our previous research on the opioid receptors involved in memory formation at the 5 hr time point, we investigated whether the ⑀-opioid receptor could also modulate memory formation. Figure 5 shows that inhibition of the ⑀-opioid receptor by ␤-endorphin (1-27) disrupted memory formation when injected at 1 µM (P<0.01), demonstrating that the ⑀-opioid receptor is active at this time point. Higher concentrations of this antagonist were not active and the agonist ␤-endorphin had no effect on recall at the concentrations used. Thus it is possible that the ⑀-opioid receptor is involved in the action of cyt-4.
DISCUSSION

Effect of cyt-4 on Passive-Avoidance Memory
The results demonstrate that 100 µM cyt-4 inhibits memory for passive-avoidance learning when injected into the LPO at 5 hr, but not at 5 min posttraining (Fig. 1A) . Unilateral injections showed that the effect of cyt-4 on memory formation at the 5 hr time point was limited to the right hemisphere (Fig. 1B) . Furthermore, the disruption of memory caused by cyt-4 appears to be opioid receptor-mediated as it can be reversed by coinjection of the general opioid receptor antagonist, naloxone (Ward et al. 1982 ; Fig. 2 ). Other work in this laboratory (Freeman and Young 2000) has shown that the µ-and ␦-opioid receptors, but not the -opioid or ORL1-receptors, are involved in passive-avoidance learning at this 5 hr time point. Here we have attempted to 
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show if cyt-4 is acting via one of the known opioid receptors.
Is cyt-4 Acting at the -Opioid Receptor?
Injection of ␤-FAN, a µ-opioid receptor antagonist, directly into the LPO was shown previously to be amnesic at 5 hr posttraining (Freeman and Young 2000) . Hence it was possible that cyt-4 was acting at the µ-opioid receptor. To test this we coinjected a µ-opioid receptor agonist. The µ-opioid receptor agonist Met[enk] (Akil et al. 1984 ) was unable to reverse the sensitivity to cyt-4 (Fig. 3A) , suggesting that the µ-opioid receptor is not involved. This inability of Met [enk] to prevent amnesia is unlikely to be caused by the use of an inappropriate concentration as Colombo et al. (1997) showed that Met[enk] , at the concentration employed here, inhibited passive-avoidance memory formation when injected into the LPO around the time of training. Conversely, the putative endogenous µ-opioid receptor agonist, endo-2 (Zadina et al. 1997) , did reverse cyt-4 induced amnesia (Fig.  3B) . Recent studies into the action of endo-2 indicate that it may not be targeting the µ-opioid receptor in some animal species (Fischer and Undem 1999) and three observations here suggest that the effect of endo-2 may not be via the µ-opioid receptor: first, the contradictory results observed with met[enk] and endo-2;. second, the effect of ␤-FAN, which is an irreversible inhibitor of the µ-opioid receptor (Jiang et al. 1989) , was reversed by coinjection of endo-2 (Fig. 3C) ; third, only bilateral injections of ␤-FAN were ca- 
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pable of causing amnesia (Fig. 3D) , whereas the effect of cyt-4 was confined to the right hemisphere. We therefore conclude that cyt-4 is not mediating its action via the µ-opioid receptor.
Is cyt-4 Acting on the ␦-Opioid Receptor?
Previously we have shown that the ␦-opioid receptor antagonist, ICI-174,864 inhibits passive-avoidance learning when administered at this 5 hr time point and that memory disruption is prevented by coinjection of the agonist DPLPE (Freeman and Young 2000) . Here we have shown that DPLPE can reverse the action of cyt-4 (Fig. 4) , suggesting an involvement of the ␦-opioid receptor. However, it is doubtful that the ␦-receptor is the target of cyt-4 because unilateral injections of the ␦-receptor antagonist, ICI-174,864 did not show any lateralization to the right hemisphere (data not shown).
Other Possible Targets of cyt-4 Nock et al. (1993) showed the existence of the ⑀-opioid receptor in the chick brain. They also demonstrated that it was more abundant than the µ-, ␦-, or -opioid receptors. Studies into the ⑀-receptor have identified the endogenous peptide, ␤-endorphin as an agonist and its synthetic analog, ␤-endorphin as and antagonist of the ⑀-opioid receptor (Tseng and Li 1986) . In the chick, Patterson et al. (1989) reported that unilateral injections into the right IMHV of ␤-endorphin around the time of training caused amnesia. This indicates that the ⑀-receptor is also involved in the early stages of passive-avoidance learning. We found that inhibition of the ⑀-opioid receptor by ␤-endorphin (1-27) disrupted memory formation for passive-avoidance learning when injected into the LPO 5 hr posttraining (Fig. 5) , demonstrating that the ⑀-opioid receptor is also active at this time point. Whether cyt-4 is targeting this receptor remains to be determined.
Because we have excluded all the other classical opioid receptors at this 5 hr time point, we believe that cyt-4 is either exerting its effect via the ⑀-opioid receptor or via an unidentified opioid receptor subtype.
General Discussion
Our original interest in cyt-4 was as an example of an opioidlike activity that could potentially be derived from mitochondrial cytochrome-b and related to our previous observation of the specific inhibition of memory formation at the 5 hr time point by the inhibitor of mitochondrial protein synthesis, chloramphenicol. However, there appears to be no evidence at present that the generation of opioid-like peptides actually occur from mitochondrial proteins in vivo, and the relationship of such peptides to the effect of chloramphenicol on memory remains an interesting possibility. It is interesting that the peptide sequences for cyt-4 (YPFT) and endo-2 (YPFF) differ by only one amino-acid and yet their biological effects on passive-avoidance learning appear to be opposite. However, it is not unusual for significant changes in the activity of an opiate to occur following the substitution of a single amino acid. For example, substitution of a single Leu with Met in enkephalin not only alters the peptide's affinity for ␦-receptors and µ-receptors but also changes its effect on passive-avoidance memory in the chick (Columbo et al. 1997) . Amnesia was only ob- Little is known about the cascade of events that occurs during the second phase of neuronal activity, including which receptors are involved. It is therefore difficult to speculate on the possible role of opioid receptors in this process. However, at around 4 hr posttraining, the second wave of neuronal activity starts which includes protein synthesis and increased spontaneous high-frequency bursting (Gigg et al. 1994) . The increase in electrical bursting in the LPO could be modulated by opioid receptors.
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MATERIALS AND METHODS
Preparation and Injection of Drugs
All drugs/peptides were dissolved initially in water and their salinity adjusted to 0.9% with 2 × saline. Intracranial injections of 10 µl per hemisphere were made directly into the LPO. The site and depth of delivery were controlled by the use of a specially designed stereotaxic head holder and sleeved Hamilton syringe (Davis et al. 1982) . The accuracy of the injection apparatus was verified by injection of dye and subsequent microscopic analysis of tissue. ␤-FAN and endo-2 were purchased from Tocris; cyt-4 from Calbiochem/Nova; Naloxone, met[enk], ␤-endorphin , ␤-endorphin, and DPLPE were obtained from Sigma.
Animals and Training Procedures
White leghorn-black Australorp chicks (Gallus domesticus) of both sexes were obtained on the day of hatching. The chicks were placed in pairs in 20 × 25 × 25 cm aluminium pens, each illuminated with a 25 watt red light, and left undisturbed for 2 hr at 28-30°C before being trained on the one-trial passive-avoidance paradigm described by Lossner and Rose (1983) . Briefly, birds were pretrained with three 10-sec presentations of a small (2.5 mm diameter) white bead. Chicks that pecked at least twice out of the three pretraining trials (ը 80%) were then trained by a 10-sec presentation of a chrome bead (4 mm diameter) dipped in MeA. Drugs or saline control were either injected at 5 min or 5 hr posttraining. The chicks were then left overnight with food and water ad libitum until 24 hr posttraining when they were tested for recall by a 20-sec presentation of a dry chrome bead and scored as Peck or Avoid. Each experiment was repeated on different days and the data pooled to remove batch-specific effects. After each test, birds were presented with a white bead similar to that used for pretraining, to test the chicks' ability to discriminate between an aversive (chrome bead) and a nonaversive (white bead) stimulus. Over 90% of the test and control chicks were able to discriminate.
Effects of cyt-4 on Passive-Avoidance Learning
To determine whether the peptide cyt-4 caused amnesia, bilateral intracranial injections of cyt-4 (10 µl per hemisphere) were made directly into the LPO at 5 min or 5 hr posttraining using concentrations of 300 µM or 100 µM with saline as control (n = 10-12). Further studies were made to see if the effect due to cyt-4 at 5 hr posttraining was lateralized by injecting 100 µM cyt-4 into either the left or right LPO, with saline injected into the contralateral LPO. Control birds received 10 µl per hemisphere of either cyt-4 or saline in both hemispheres (n = 12-14). Recall was tested at 24 hr in both experiments.
Effect of Naloxone on cyt-4-Induced Amnesia
The general opioid antagonist, naloxone, was coinjected with cyt-4 to determine whether cyt-4 was acting via an opioid receptor. Bilateral intracranial injections (10 µl per hemisphere) of 100 µM cyt-4, 4 mM naloxone (a concentration shown previously to be effective in the chick; Flood et al. 1987) , cyt-4 and naloxone, or saline control were made 5 hr posttraining (n = 17-18).
Effect of -Opioid Receptor Ligands on cyt-4-Induced Amnesia
␤-FAN, a µ-opioid receptor antagonist, has been shown previously to inhibit memory formation at this 5 hr time point (Freeman and Young 2000) . If this cyt-4 sensitivity were behaving in a similar fashion, then its effects theoretically should be reversed by µ-opioid receptor agonists. Therefore, the agonist Met[enk] was coinjected with cyt-4. Bilateral intracranial injections (10 µl per hemisphere) of 100 µM cyt-4, 150 µM Met[enk], 100 µM cyt-4, and 150 µM Met-[enk] or saline were made at 5 hr posttraining (n = 10).
Another putative µ-opioid receptor agonist, endo-2 was also tested to see if it could reverse cyt-4-induced amnesia. Bilateral intracranial (10 µl per hemisphere) injections of 100 µM cyt-4, 100 µM endo-2, 100 µM cyt-4 and 100 µM endo-2, or saline control were made at 5 hr posttraining (n = 16-18).
Because we were suspicious about the specificity of endo-2 towards the µ-opioid receptor, we injected chicks with 10 µl per hemisphere of 100 µM of the antagonist ␤-FAN, 100 µM endo-2, a solution containing both ␤-FAN and endo-2, or saline control (n = 17-19). If endo-2 was acting at the µ-opioid receptor it would be unable to reverse the effect of the irreversible inhibitor ␤-FAN.
Also if cyt-4 were acting at the same site as ␤-FAN (the µ-opioid receptor) then a similar pattern of lateralization for both drugs would be evident. Unilateral intracranial injections (10 µl per hemisphere) at 5 hr posttraining of 100 µM ␤-FAN were made into either the right or left LPO, with saline into the contralateral LPO. Control animals received either ␤-FAN or saline into both left and right LPO (n = 40-41).
Effect of ␦-Opioid Receptor Ligands on cyt-4-Induced Amnesia
The ␦-opioid receptor has been shown to be involved in passiveavoidance memory formation at 5 hr posttraining so the ␦-opioid receptor agonist, (DPLPE) was coinjected with cyt-4 to see if it could reverse cyt-4-induced memory loss. Bilateral intracranial injections (10 µl per hemisphere) of 100 µM cyt-4, 30 µM DPLPE, 100 µM cyt-4 and 30 µM DPLPE, or saline were made at 5 hr posttraining (n = 20-22).
If cyt-4 were acting at the same site as DPLPE, then a similar pattern of lateralization for both drugs would be evident. To test for lateralization by the ␦-opioid receptor, intracranial injections (10 µl per hemisphere) of the specific antagonist ICI-174,864 at 1 µM were made into the left or right LPO at 5 hr posttraining (n = 12).
Effect of ⑀-Opioid Receptor Ligands on Memory
The possible involvement of the ⑀-opioid receptor in passive-avoidance learning at 5 hr after training was also studied using the specific ⑀-opioid receptor antagonist, ␤-endorphin or the agonist ␤-endorphin. Chicks received bilateral injections (10 µl per hemi-
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Analysis of Data
Chicks that avoided the bead during testing were regarded as remembering the avoidance response, while those that pecked were regarded as showing amnesia. Results were expressed as the percentage of birds that exhibited recall (% avoidance) for the training task when tested at 24 hr. Comparisons of retention between drugand vehicle-injected birds were made using 2 .
